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Transport activity modifies thick ascending limb damage in the
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Transport activity modifies thick ascending limb damage in the isolated
perfused kidney. The thick ascending limb of Henle's loop (TAL)
develops a specific and consistent structural lesion during perfusion of
the isolated rat kidney that progresses from mitochondrial swelling at 15
mm to complete cellular disruption at 90 mm. Because it seemed
possible that damage localized to this metabolically active portion of the
nephron might be correlated with cellular transport, the histology of
perfused kidneys was examined when transport activity in the TAL was
varied. The fraction of TAL tubules showing severe damage (44 2%
in kidneys perfused with glucose) was dramatically reduced by furose-
mide (7 2%; P < 0.001). The lesion was eliminated by perfusion with
ouabain or by preventing glomerular filtration. On the other hand,
protection of TAL cells was not obtained with the proximal diuretic
acetazolamide. These results suggest that the lesion of TAL cells that
develops during perfusion of the isolated kidney is influenced by the
work of cellular transport.
L'activité de transport modifie Ia lesion de Ia branche ascendante large
dans le rein perfuse isolé. La branche ascendante large de l'anse de
Henlé (TAL) développe une lesion structurelle specifique et importante
pendant Ia perfusion du rein isolé de rat, qui progresse d'un gonflement
mitochondrial a 15 mm a une rupture cellulaire totale a 90 mm. Puisqu'il
semblait possible que Ia lesion localisée a cette portion metabolique-
ment active du nephron pourrait Ctre corrélée avec le transport cellu-
laire, l'histologie de reins perfuses a été étudiée lorsque l'activitC de
transport dans le TAL variait. La fraction de tubule du TAL présentant
une lesion sévére (44 2% dans des reins perfuses avec du glucose)
était considerablement reduite par du furosémide (7 2%; P < 0,00 1).
La lesion était éliminée par perfusion avec de l'ouabaine ou en
empéchant Ia filtration glomerulaire. D'un autre côté, Ia protection des
cellules du TAL n'a pas été obtenue avec de l'acétazolamide, un
diuretique proximal. Ces résultats suggerent que Ia lesion des cellules
du TAL qui apparait pendant Ia perfusion du rein isolé est influencée
par le travail de transport cellulaire.
Alcorn et al [I] have recently described a striking histological
lesion found during isolated perfusion of the rat kidney. The
lesion consists of mitochondrial swelling, cytoplasmic disrup-
tion, progressive nuclear pyknosis, and cell death. This se-
quence of events is limited exclusively to the medullary thick
ascending limb (TAL) of Henle's ioop, while adjacent struc-
tures and other portions of the nephron remain unaffected. The
damage to the TAL is reproduced easily and is extremely
consistent, even under the most optimal conditions.
A progressive decline in solute reabsorption and an inability
to concentrate urine in response to vasopressin [2] is associated
with these morphological changes. Earlier micropuncture stud-
ies have ascribed these defects to a deficient function of Henle's
loop [3], and Maack has proposed that an overload of the TAL
might in some way overtax its reabsorptive capacity [4].
Recently Epstein et al [SI have shown that supplementing the
perfusion medium with 20 amino acids (including cysteine)
attenuates the anatomical lesion, markedly improves the func-
tion and stability of the kidney, and prevents depletion of tissue
glutathione (GSH). Specific glutathione depletion with chemi-
cals that bind GSH or interfere with its synthesis does not
reproduce the lesion although renal concentrating ability is
depressed [61. Because of the possibility that the severity of the
lesions localized to this metabolically active area of the kidney
might be correlated with cellular work, we examined the
relationship of the TAL lesion to the work of transport. The
results indicate that decreasing the transport work of the TAL
greatly ameliorates or eliminates the lesion, suggesting that the
morphological changes reflect metabolic activity.
Methods
Male Sprague-Dawley rats, weighing 417 8 g (mean SE),
were used for all experiments. The rats were fed rat chow
(Ralston Purina, St. Louis, Missouri) and allowed free access to
water. Perfusion of the right kidney was performed according to
the technique described by Ross, Epstein, and Leaf [7]. The
animals were anesthetized intraperitoneally with mactin, 100
mg/kg. Mannitol, 200 mg, and heparin, 1,000 U, were injected
into the femoral vein. The peritoneal cavity was opened via a
PE-lO catheter placed in the right ureter. A glass arterial
cannula was inserted into the superior mesenteric artery and
threaded across the aorta into the right renal artery. Perfusion
was started while the cannula was still in the mesenteric artery,
thereby avoiding any ischemia to the kidney. The kidney was
then placed in a constant-temperature cabinet where tempera-
ture was kept at 37°C. Perfusion medium was recirculated
continuously with a pulsatile flow at a pressure of 85 mm Hg at
the tip of the cannula. The rate of flow of the perfusate was
measured with a Brooks fiowmeter installed in a series in the
arterial line. The perfusion medium consisted of a Krebs-
Ringer-Henseleit solution containing (in millimolars): Na, 143;
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Fig. 1. Large 1- plastic sections inclusive of
the entire length of the thick ascending limb
of Henle in the inner stripe (IS) of the outer
medulla. Three medullary areas within the
inner strip were separately evaluated, the area
immediately adjacent to outer stripe (OS)
(left), midportion, and the region adjacent to
the inner medulla (IM). (Methylene blue-
Azure 11-basic fuschin, ><45)
Fig. 2. Control perfusion with glucose for 15 mm (group 3). A After only 15 mm of perfusion, ce//fragmentation and nuclear pyknosis is already
present in some thick limbs of Hen/c, although quite variab/e—(11%) of nephrons. Note that the vascular and other tubular elements are well
maintained. (x370) B The more common alteration in the early phases of perfusion is mitochondria! and nuclear swelling which can be readily
appreciated in this electron inicrograph. The luminal plasma membrane is disrupted but largely present. In contrast, the thin limb of Henle (upper
left) is essentially unremarkable. (x3500)
Cl, 103; K, 4.5; bicarbonate, 24; Ca, 2.5; Mg, 1.2; phosphate, otherwise. Glucose at 5 m was added in all experiments.
1.2; pH of 7.4 when gassed with 5% C02, 95% 02; and bovine Twenty physiological amino acids were added as described by
serum albumin at a concentration of 6.7 g/dl, unless indicated Epstein et al [5] in groups 2 and 7 (see below).
Morphologic techniques
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A three-way stop-cock was incorporated into the circuit 5 cm
from the arterial cannula to allow perfusion with the fixative
solution, at the same pressure applied during the functional
study, for an additional 5 to 8 mm. The fixative solution
contained 1.25% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4). The kidneys were fixed after 90 mm (groups 1, 2, 4, and 7)
or 15 mm of perfusion (group 3). A 2-mm section of the outer
medulla was removed, postfixed in 2% 0504, dehydrated, and
embedded in an araldite-epon 812 mixture. Large l- sections
were cut to include the entire length of the medullary thick
ascending limb (Fig. 1). Selected blocks were examined by
electron microscopy.
The histological evaluation was completed by a renal patholo-
gist in a "blinded" fashion; that is, without knowledge of the
way the kidneys have been perfused. Structural lesions in the
TAL were scored from 0 to 4+ with increasing severity of
damage. Since the damage was sometimes extremely focal (see
group 5) a percentage score was also used, indicating the
fraction of tubules involved with 3 to 4+ damage.
Experimental groups
Forty-seven kidneys were studied in the following groups:
Control groups. Group 1 (N = 7), perfused with glucose as the
only substrate for 90 mm; group 2 (N = 7), perfused with amino
acids for 90 mm; group 3 (N = 6), perfused with glucose for 15
mm.
Experimental groups (90 mm). Group 4 (N = 5), perfused
with glucose in a hyperoncotic medium (albumin concentration
10.5 to 12 g/dl to prevent glomerular filtration ('non-filtering'
kidneys) for 90 mm; group 5 (N = 8), perfused with glucose in
the presence of furosemide at l04M for 90 mm; group 6 (N =
3), perfused with glucose in the presence of ouabain at 103M
for 90 mm; group 7 (N 5), perfused with amino acids in the
presence of acetazolamide at l04M for 90 mm.
Results
Characteristics of the histological lesion in thick ascending
limb
The histological lesion of the isolated perfused kidney [1] was
identified and characterized by mitochondrial swelling, progres-
sive nuclear pyknosis, and cell fragmentation progressing to cell
death and occurring exclusively in the TAL (Figs. 2, 3, and 4).
As shown in Table 1, the lesion was always seen in all control
groups. Although the damage was substantially less pro-
nounced in the group supplemented with amino acids (group 2),
nuclear pyknosis being uncommon and cytoplasmic disruption
rare, mitochondrial swelling was widespread and somewhat
paradoxically even more conspicuous than in group 1, perfused
with glucose alone. Further evidence implying a precursor role
for this mitochondrial swelling in the development sequence of
the TAL lesion is found in group 3: The damage begins to appear
at 15 mm in the form of mitochondrial swelling, resembling the
changes found in group 2. Observations made at 30 and 60 mm
also confirmed a progressive replacement of the mitochondrial
swelling by more advanced forms of cellular disruption.
Functional effects of amino acid supplementation
As shown in Table 2, and as previously reported [5], amino
acid supplementation improved GFR from 0.52 0.06 to 0.85
Fig. 3. Control perfusion for 90 mm with glucose (group 1, Fig. 3A and
C), or with amino acids (group 2, Fig. 3B). Cell fragmentation and
nuclear pyknosis of thick limb of Henle epithelium are much more
extensive, seen in 44% of nephrons, after 90 mm of glucose perfusion (A
and C), but some thick limbs are not abnormal (left-A). The epithelial
change can be quite focal, with injury confined to some cells within a
given thick limb while adjacent cells are unremarkable (upper right-A).
Mitochondrial swelling seems to be present at all stages of cell injury
but can be most readily appreciated with less intense injury, prior to the
phase of extensive cell fragmentation, as in kidneys perfused with
amino acids (B). (x430)
0.05 ml/min, increased fractional sodium reabsorption from 93.9
1.3 to 99.2 0.16% and increased the rate of perfusate flow
(RPF) by 20%.
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Fig. 4. The extensive disruption of the cells of
1-lenle's thick limb (H) (90 mm perfusion).
Luminal membranes are extensively
fragmented and basilar membranes (lateral
cellular interdigitations) can no longer be
perceived. Mitochondrial swelling is extreme
and nuclear pyknosis (arrou') is present. On
the other hand, collecting ducts (C), their cell
nuclei (N), interstitial cells (I), and capillaries
(center) are essentially preserved. (x2300)
The histological lesion in cells of the TAL was remarkably
diminished or abolished in groups 4 ("non-filtering"), 5 (furose-
mide), and 6 (ouabain).
In non-filtering" kidneys (group 4) the lesion was not
present. Figure 5 shows luminal collapse, as well as the
conspicuous absence of nuclear pyknosis, cell fragmentation,
or cytoplasmic vacuoles. Dilated basolateral spaces are notice-
able. Electron microscopy confirmed the absence of mitochon-
drial swelling.
In the presence of furosemide (group 5) the lesion was
remarkably improved. Little damage was discernible and that
was extremely focal (Fig. 6). In nearly all tubules the cell
morphology was preserved without signs of cell vacuolization
or disruption. Electron microscopy confirmed the absence of
RPF mitochondrial swelling.
mI/mm When kidneys were perfused with ouabain, 103M (group 6),
and glucose, the lesion was completely prevented with univer-
sal preservation of cell morphology.
The scoring of the damage in groups 4, 5, and 6 is summarized
in Figure 7. Because of the extreme focality of the residual
damage seen with furosemide, the method of grading used in
Table I was not appropriate to quantify the amount of damage
observed. Therefore, the method of percent scoring was used to
illustrate the frequency of severely damaged tubules. It should
be emphasized that in kidneys exposed to furosemide (group 5),
nearly all nephrons were lesion-free despite the occurrence of
severe focal damage. By contrast, in group I almost half the
tubules were severely damaged and virtually every tubule
showed some damage (1 to 2+). Figure 7 therefore minimizes
Table 1. Quantitative analysis of the damage to the three parts (P,
proximal; M, middle; D, distal) of the MTAL in the rat
Effects of diminishing transport work in the TAL on TAL
lesion
Frequency of
nephrons
Groups
Overall score involved with
severe (3+)
damage (%)P M D
Group 1 3.1 0.1 2.6 0.3 1.1 0.6 44 2
(glucose, 90')
Group 2 1.9 0.2c 1.7 0.2 0.1 0.1 19 9c
(amino acid, 90')
Group 3 1.5 0.2 1.3 0.Ib 0.1 0.1 11 3c
(glucose, 15')
Significance vs. group I:
a P < 0.05.
b P < 0.01.
P < 0.001.
Table 2. Functional parameters in groups I, 2, 5, 6, and 7
GFR
mi/mm
TRN,,
%
0.52 0.08 82.9h 2.5
Group I 0.52 0.06 93.9 1.3 58.2 11.5 45.6 2.6(N 7)
Group 2 0.85a 0.05 99.2h 0.16 10.3 1.2 54.5 2.9
(N =7)
Group 5 196.3c 13.8 49.0 8.2(N 8)
Group 6 28.8 3.1 33.0 2.3
(N =3)
Group 7 58.2 8.4 41.0 4.1
(N =5)
0.51 0.01 72.4 2.7
0.57 0.09 89.7 1.5
Significance vs. group I (except for group 7 vs. group 2):
a P < 0.05.
P < 0.01.
P <0.001.
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Fig. 5. General maintenance of cell organdies
and membranes in the non-filtering kidney (90
mm of perfusion). Fairly diffuse, however, but
most prominent in the thick ascending limb
epithelium is the occurrence of basal vacuoles
(A). (x360) Electron micrographs (B) show
that these vacuoles are spaces created by
marked separation of basilar membranes
(lateral cellular interdigitations). (x 3500)
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the striking differences between control and experimental
groups.
Effect of acetazolamide
When acetazolamide was added in the presence of glucose or
amino acids (group 7), no protection was conferred despite
natriuresis (Table 2). Indeed, damage to the TAL may have
increased slightly (Fig. 8), although more experiments would be
necessary to establish this unequivocally.
Discussion
Specific anatomical damage to the distal nephron produced
by isolated rat kidney perfusion [1] is significant since selective
dysfunction of the TAL is likely to be responsible for many of
the functional defects of the isolated perfused kidney. Thus,
failure of urine concentrating ability and impairment of diluting
ability are probable effects of thick ascending limb cell destruc-
tion. In addition, defective distal sodium reabsorption might
cause reduced GFR by negative tubuloglomerular feedback,
and excessive sodium delivery to the distal tubule and collect-
ing tubule leads to increased potassium excretion [2].
The present report confirms and extends observations on the
remarkably selective histological lesion of the TAL produced
during perfusion of the isolated rat kidney and underlines
several of its striking features: (1) Its consistency - not one of 17
kidneys from the three control groups was exempted from the
lesion; (2) its selectivity for the TAL - adjacent structures
remain universally unaffected; (3) the heterogeneity of the
damage among the tubules -nearly half of the TAL are affected
by a severe lesion, while few nephrons remain unaffected and
some show variable degrees of focal damage, sometimes contig-
uous to normal-looking segments within the same tubule; (4) a
particular time sequence showing progression from mitochon-
drial swelling to mitochondrial disruption, nuclear pyknosis,
and cytoplasmic fragmentation.
The major new finding of the present experiments is that the
TAL lesion can be greatly ameliorated and even eliminated by
maneuvers designed to reduce the transport activity of TAL
cells. Lesions were absent in perfused kidneys in which glomer-
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ular filtration was suppressed by raising the concentration of
albumin in the perfusate thus reducing reabsorptive load to a
minimum. Lesions were also not seen in kidneys in which Na-
K-ATPase activity had been inhibited by perfusing with 103M
ouabain, a procedure that blocks active transport in TAL cells
[8]. Furthermore, the intensity and prevalence of the lesion was
reduced markedly by perfusing with the ioop diuretic furose-
mide, which blocks active reabsorption of sodium chloride in
the thick ascending limb [9].
This histological appearance of the non-filtering' kidney
deserves further comment. Luminal collapse is accompanied by
the presence of large spaces at the base of the cells (Fig. 5).
Electron microscopy confirms that these represent dilated
basolateral spaces due to spreading of basolateral membranes.
Although the problem of alterations of these spaces has been
the subject of controversy for many years [10], one explanation
for a change in their dimensions relates to alterations in
hydrostatic pressure. In gall bladder epithelium [10], the vol-
ume of basolateral spaces is regulated by the prevailing trans-
epithelial gradient of hydrostatic pressure, so that an increase in
Fig. 6. Structural integrity of thick limb
essentially maintained with either furosetnide
or ouabain (90 mm perfusion). As can be
noted in (A), marked luminal dilatation is
observed (ouabain). (x220) This extreme
dilatation is associated with compaction of the
cytoplasmic organelles (B, furosemide).
Mitochondrial cristae are closely opposed and
the typical mitochondrial granules can be
readily identified. The luminal and basilar
membranes are intact. (x3520)
the serosa to mucosa gradient produces swelling in the basolat-
eral space. A decrease in luminal pressure in the non-filtering
kidney, as evidenced by luminal collapse, may therefore be
responsible for the prominent widening of these spaces. The
hyperoncotic medium is not by itself required to produce
basolateral spreading since similar alterations were seen in
kidneys in which filtration was stopped by lowering the perfu-
sion pressure to 50 mm Hg (data not shown).
That the effects of ouabain and furosemide were not merely
nonspecific consequences of diuresis is suggested by the results
obtained with acetazolamide. This diuretic, the chief action of
which is in the proximal tubule, failed to protect the TAL when
given with glucose (data not shown), as well as with amino acids
(Fig. 8). Acetazolamide presumably increases the delivery of
water and solutes to the thick ascending limb and in contrast to
furosemide does not diminish the work of transport in this
segment.
These experiments suggest that the structural lesions seen in
the thick ascending limb of the isolated perfused kidney are
related to mitochondrial respiration connected with the work of
I HH
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epithelial transport. At least two mechanisms might be invoked
to explain the injury. The first is that of cellular anoxia, sharply
localized to the region of the TAL and exacerbated by the
metabolic requirements of transport. Although the P02 of
mixed venous blood of the isolated perfused rat kidney regular-
ly exceeds 300 mm Hg, measurements of tissue P0, with
microelectrodes show that in the outer medulla, P02 is extreme-
ly low (below 8 to 10mm Hg) [11], in a range close to or below
the critical P02 for renal cells [It]. Optical spectrophotometric
studies of the state of cytochrome oxidase iii whole isolated
perfused kidneys indicate that a substantial portion (20 to 40%)
of the cyt a,a3 sensed by this technique is in the reduced state,
but becomes more oxidized when the work of transport in the
TAL is diminished by giving furosemide [12]. Thus, there is
strong indirect evidence to suggest that cells of the medullary
thick ascending limb may be critically balanced on the brink of
anoxia. The balance between work and oxygen supply in the
TAL of the perfused kidney may also be influenced by solute
overload caused by a tendency to decreased reabsorption in the
descending limb or back leak in portions of the nephron
proximal to the TAL [31. It is possible as well that reabsorptive
transport by the TAL in perfused kidneys is further accelerated
by the absence of a high interstitial concentration of sodium
chloride [13], owing to medullary washout by the high rate of
perfusion [3].
A second possible cause of injury related to metabolic work is
the intracellular formation of free radicals. These electrophilic
forms of oxygen, including superoxide and hydrogen peroxide,
are formed in small amounts as byproducts of intracellular
oxidative reactions. Their rate of formation is increased when
mitochondrial respiration is accelerated [141, and this might
lead under some circumstances to peroxidation of mitochondri-
al lipids and consequent mitochondrial damage.
It is interesting to speculate that mitochondrial swelling
characterizing the earliest lesions of the TAL might be related
biochemically to the swelling response seen in isolated mito-
chondria in vivo [15]. Swelling of isolated mitochondria can be
induced by a number of specific agents (for example, Ca ,
thyroxine, free fatty acids) in a way that is dependent on
respiration and blocked by inhibitors of the mitochondrial
electron transport chain [15]. Swollen mitochondria can be
induced to contract by the addition of ATP [15]. Bacterial
protoplasts, the walls of which contain respiratory enzymes and
are thus analogues to mitochondria, also undergo swelling that
is linked to the rate of metabolism [16]. An analogous relation-
AA AA + ACTZMD)N= 7) )N = 5)
Fig. 8. Score of histological damage during peifasion with amino acids(AA) and acetazolamide (ACTZMD) for 90 mm. ACTZMD did not
diminish and may have tended to increase the Severity of damage to the
TAL (P < 0.05, Mann Whitney (I test). P, M, and D indicate proximal
(adjacent to inner medulla), midportion, and distal portions (adjacent to
outer stripe) of the medullary thick ascending limb, as in Table 1.
ship has been reported between mechanical work and mito-
chondrial injury in myocardial fibers [17]. Whatever mechanism
is operative, the striking relationship between mitochondrial
work and cellular damage is of general interest.
In certain diseases of the kidney, protection is afforded by
dietary or hemodynamic maneuvers that diminish RBF and
GFR, whereas injury is accelerated by an increase in renal work
[18]. The glomerular injury is thought to be mediated by
changes in glomerular hemodynamics. The present experiments
suggest that under special circumstances excessive work de-
mands might also predispose to specific injury to the renal
tubule, causing cellular lesions that are conditioned by mito-
chondrial work.
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